Bmp4 is a downstream gene of Msx1 in early mouse tooth development. In this study, we introduced the Msx1-Bmp4 transgenic allele to the Msx1 mutants in which tooth development is arrested at the bud stage in an effort of rescuing Msx1 mutant tooth phenotype in vivo. Ectopic expression of a Bmp4 transgene driven by the mouse Msx1promoter in the dental mesenchyme restored the expression of Lef-1 and Dlx2 but neither Fgf3 nor syndecan-1 in the Msx1 mutant molar tooth germ. The mutant phenotype of molar but not incisor could be partially rescued to progress to the cap stage. The Msx1-Bmp4 transgene was also able to rescue the alveolar processes and the neonatal lethality of the Msx1 mutants. In contrast, overexpression of Bmp4 in the wild type molar mesenchyme down-regulated Shh and Bmp2 expression in the enamel knot, the putative signaling center for tooth patterning, but did not produce a tooth phenotype. These results indicate that Bmp4 can bypass Msx1 function to partially rescue molar tooth development in vivo, and to support alveolar process formation. Expression of Shh and Bmp2 in the enamel knot may not represent critical signals for tooth patterning. q
Introduction
Like many other vertebrate organs, tooth formation requires a series of instructive and permissive interactions between two adjacent tissues, an epithelium and a mesenchyme (Thesleff et al., 1995) . Murine tooth development has been a classic model to study such interactions. The applications of recently developed molecular biology approaches are beginning to elucidate the molecular basis for the epithelial-mesenchymal interactions and the signaling pathways involved in the mammalian tooth development (Peters and Balling, 1999) . A number of genes have been identi®ed to play a critical role in tooth development. Among them are genes encoding for diffusible growth factors and transcriptional factors that form networks to regulate reciprocal tissue interactions (Thesleff and Sharpe, 1997; Chen and Mass 1998) .
In mice, the determination of tooth forming sites occurs at embryonic day 10.5 (E10.5). The antagonistic effects of epithelially expressed Bmp4 and Fgf8 restrict Pax9 expression to the presumptive dental mesenchyme (Neubu Èser et al., 1997) and the expression of Pitx2 to the presumptive dental epithelium (St. Amand et al., 2000) . The tooth type is meanwhile determined. The expression domain of Barx1, a homoeodomain transcriptional factor necessary for the molar tooth type speci®cation, is restricted to the molar anlage by BMP4 (Tissier-Seta et al., 1995; Tucker et al., 1998a) . At E11.5, the ®rst morphological sign of molar tooth development appears as a local thickening of the dental epithelium. A number of genes encoding for growth factors are expressed in the thickened dental epithelium, including Fgf8, Fgf9, Bmp2, Bmp4, Bmp7, Shh, Wnt10a, and Wnt10b (Vainio et al., 1993; Heikinheimo et al., 1994; Bitgood and McMahon, 1995; Dassule and McMahon, 1998; Hardcastle et al., 1998; Kettunen and Thesleff, 1998; Zhang et al., 1999) . These epithelial signaling molecules are responsible for the induction of gene expression in the adjacent dental mesenchyme, including Msx1, Msx2, Lef1, Dlx1, Dlx2, Patched (Ptc), Gli1, and syndecan-1 (Vainio et al., 1993; Chen et al., 1996; Kratochwil et al., 1996; Bei and Maas, 1998; Dassule and McMahon, 1998; Zhang et al., 1999) . Tissue recombination experiments have shown that the tooth developmental potential resides in the dental epithelium at this stage (Mina and Kollar, 1987; Lumsden, 1988) . At the E12.5 and E13.5 bud stage, the thickened dental epithelium invaginates into the subjacent mesenchyme to form the tooth bud around which the mesenchymal cells condense. Bmp4 expression shifts from dental epithelium to dental mesenchyme at this stage, and probably represents as a mesenchymally derived feedback signal acting upon dental epithelium (Vainio et al., 1993; Chen et al., 1996; Zhang et al., 2000a) . This shift of Bmp4 expression is associated with a shift of the tooth developmental potential from the dental epithelium to the mesenchyme, when the dental mesenchyme starts to play an instructive role in odontogenesis (Mina and Kollar, 1987; Lumsden, 1988) . Expression of Fgf3 also appears in the mesenchyme at this stage (Thesleff and Vaahtokari, 1992; Bei and Maas, 1998) . At the E14.5 cap stage, the epithelium component undergoes speci®c foldings, which is accompanied by the formation of the enamel knot, a transient epithelial cell cluster involved in the formation of tooth cusps. A unique set of signaling molecules including Shh, BMP2, BMP4, BMP7, FGF4, and FGF9 are expressed in the enamel knot. The enamel knot is therefore considered to represent a signaling center to control the patterning of the tooth cusps (Jernvall et al., 1994; Kettunen and Thesleff, 1998; Vaahtokari et al., 1996a; reviewed in Thesleff and Sahlberg, 1996) . The differential cell proliferation in the dental epithelium causes the formation of tooth cusps. These molecules may interact each other to regulate a ®ne balance between growth and cell death in the dental epithelium (Vaahtokari et al., 1996b; Jernvall et al., 1998; Peters and Balling, 1999) . During the subsequent bell stage, the epithelially derived ameloblasts and mesenchymally derived odontoblasts differentiate. In addition, the mesenchymal cells also differentiate into alveolar bone that forms the sockets for the teeth (Palmer and Lumsden, 1987) . The Msx homeobox genes have been implicated in the epithelial-mesenchymal interactions involved in tooth morphogenesis. Msx1 expression is restricted in the dental mesenchyme from the E11.5 lamina stage throughout the bud, cap and bell stages of odontogenesis (MacKenzie et al., 1991a,b) . The expression of Msx1 in the dental mesenchyme is thought to be initially induced by epithelially derived BMPs and FGFs (Vainio et al., 1993; Chen et al., 1996; Bei and Maas, 1998; Kettunen and Thesleff, 1998) , and subsequently maintained by the mesenchymally expressed BMP4 (Chen et al., 1996; Tucker et al., 1998b) . The importance of Msx1 in tooth development is demonstrated by the analysis of Msx1 knockout mice that exhibit a number of craniofacial abnormalities including an arrest of tooth development at the bud stage and an absence of alveolar processes (Satokata and Maas, 1994; Houzelstein et al., 1997) . The arrest of tooth development is associated with a down-regulation of Bmp4, Fgf3, Lef1, Ptc, Dlx2, and syndecan-1 in the molar mesenchyme of the Msx1 mutants (Chen et al., 1996; Bei and Maas, 1998; Zhang et al., 1999) . The down-regulation of Bmp4 in the molar mesenchyme may account for the arrest of tooth development at the bud stage and account for the down-regulation of Lef1 and Dlx2. This was deduced from the observations that addition of exogenous BMP4 to the Msx1 mutant molar tooth germ could partly rescue the tooth phenotype and induce Lef1 and Dlx2 expression in the absence of Msx1 in vitro (Chen et al., 1996; Bei and Maas, 1998) . It was recently demonstrated that mesenchymal BMP4 is also required for the maintenance of Shh and Bmp2 expression in the dental epithelium (Zhang et al., 2000a) , and may be responsible for inducing the formation of enamel knot in tooth epithelium (Jernvall et al., 1998) . These results support the hypothesis that mesenchymal BMP4 may represent a component of a feedback signal for further tooth epithelial development beyond the bud stage (Chen and Mass, 1998) .
In this study, we examined if the down-regulation of Bmp4 in the Msx1 mutant dental mesenchyme is responsible for the arrest of tooth development at the bud stage in vivo. We have ectopically expressed a human Bmp4 driven by the mouse Msx1 promoter to the Msx1 mutant dental mesenchyme by compounding the Msx1-Bmp4 transgenic allele with the Msx1 mutant allele. Our results demonstrated that ectopic Bmp4 expression in the dental mesenchyme was able to restore the expression of Lef1 and Dlx2 but not Fgf3 and syndecan-1 in the Msx1 mutant tooth germ. Molar but not incisor development could be enhanced to the cap stage. Interestingly, the Msx1-Bmp4 transgenic allele was able to rescue the neonatal lethality of the Msx1 mutants. The surviving Msx1 mutant mice had closed palatal shelf and formed alveolar processes. On the other hand, overexpression of Bmp4 in the wild type molar mesenchyme represses Shh and Bmp2 expression in the enamel knot. However, apoptosis in the enamel knot and cell proliferation in dental epithelium appear normal, suggesting that Shh and Bmp2 may not be the critical signals in regulating the formation of tooth cusps.
Results

Expression of the Bmp4 transgene in the developing tooth germ
We have previously reported the generation of the Msx1-LacZ and Msx1-Bmp4 transgenic mice and have shown the expression of the transgene driven by the mouse Msx1 proximal promoter in the developing tooth germ at E11.5 and E12.5 (Zhang et al., 2000a ). Here we further examined the human Bmp4 transgene expression driven by the mouse Msx1 promoter in developing tooth germ at the later stages by section in situ hybridization using a transgene speci®c probe. At the E13.5 bud stage and the E14.5 cap stage, the transcripts of the human Bmp4 transgene were detected in the dental mesenchyme of both molar and incisor, recapitulating the endogenous Msx1 expression pattern (Fig. 1) . At E16.5, transgene expression was also detected in the dental mesenchyme as well as differentiating alveolar bone in both molar (Fig. 1F) and incisor (Fig. 1L ).
2.2. Ectopically expressed Bmp4 restores the expression of Dlx2 and Lef1 but not Fgf3 and syndecan-1 in the Msx1 mutant dental mesenchyme It has been reported previously that the expression of several genes is down-regulated in the E13.5 Msx1 mutant molar mesenchyme, including Bmp4, Lef1, syndecan-1, Fgf3, Dlx2 and Ptc (Chen et al., 1996; Bei and Maas, 1998; Zhang et al., 1999) . Exogenous BMP4 was able to induce the expression of Lef1, Dlx2 and Ptc in the dental mesenchyme in the absence of functional Msx1 protein in an in vitro organ culture system (Chen et al., 1996; Bei and Maas, 1998; Zhang et al., 2000a) . To test if the down-regulation of Bmp4 in the Msx1 mutant dental mesenchyme accounts for the down-regulation of these genes in vivo, we introduced the Msx1-Bmp4 transgenic allele into the Msx1 mutants (Msx1 2/2 /Bmp4-Tg) by compounding the transgenic allele with the Msx1 mutant allele. In our previous studies, we found that a single Msx1-Bmp4 transgenic allele does not produce high enough level of BMP4 to maintain Shh expression in the Msx1 mutant dental epithelium, but two transgenic alleles do (Zhang et al., 2000a) . For this sake, we generated male and female Msx1 heterozygous mice carrying two Msx1-Bmp4 transgenic alleles. These mice, prior to being crossed each other to generate Msx1 mutants carrying two transgenic alleles, were con®rmed by crossing with wild type male or female mice, and all such derived pups being genotyped for the transgene. Therefore, all Msx1 2/2 /Bmp4-Tg mice used in current study carried two Msx1-Bmp4 transgenic alleles.
Section in situ hybridization was performed on E13.5 Msx1 2/2 /Bmp-Tg molar tooth germs when the tooth development in the Msx1 mutant is arrested. The same aged wild type and Msx1 2/2 samples were included as positive and negative controls, respectively. We have examined the expression of Dlx2, Lef1, Fgf3 and syndecan-1 that are down-regulated in the Msx1 mutant dental mesenchyme at this stage (Figs. 2 and 3) (Chen et al., 1996; Bei and Maas, 1998) . The results demonstrated a restored expression of Lef1 and Dlx2 in the Msx1 2/2 /Bmp4-Tg dental mesenchyme (Fig. 2) . In contrast, the expression of syndecan-1 and Fgf3 was never detected in the dental mesenchyme of Msx1 mutants carrying the Msx1-Bmp4 transgenic alleles (Fig.  3) . These results indicate that the down-regulation of Bmp4 in the Msx1 mutant molar mesenchyme is indeed responsible for the down-regulation of Lef1 and Dlx2 in vivo. Ectopic expression of Bmp4 to the dental mesenchyme can bypass the requirement for Msx1 to activate the expression of these genes. On the other hand, since ectopic Bmp4 expression can not induce Fgf3 and syndecan-1 expression in the absence of Msx1, the expression of Fgf3 and syndecan-1 in the dental mesenchyme seems to be controlled by a distinct pathway regulated by Msx1. Bmp4 transgene expression appeared low in E16.5 incisor, but prominent in the differentiating alveolar bone (arrows). The dental epithelial structure is outlined by white dash line. de, dental epithelium; dm, dental mesenchyme; M, Meckel's cartilage.
Msx1-Bmp4 transgenic allele partially rescues the molar tooth phenotype of Msx1 mutants
Since exogenously applied BMP4 was able to partially rescue the Msx1 molar tooth phenotype in vitro by enhancing the tooth development to the cap stage (Chen et al., 1996) , we further examined the tooth phenotype of the Msx1 2/2 /Bmp4-Tg at E14.5 and E15.5. In 18 such embryos examined, none of the incisors developed beyond the bud stage (Fig. 4E) . In contrast, ®ve of them (28%) exhibited a progress of molar tooth development to the cap stage (Fig.  4B ). This percentage of the partially phenotypic rescue is consistent with that in an in vitro rescue study reported previously (Chen et al., 1996) . To determine whether or not an enamel knot forms in the rescued tooth germ at the cap stage, the expression of Shh and Fgf4, the molecular markers of the enamel knot, was examined in the rescued Msx1 mutant tooth germ. As shown in Fig. 4C ,F, although relatively weaker as compared with that in wild type (Fig.  6) , transcripts of Shh and Fgf4 were detected in the enamel knot, indicating the presence of an enamel knot. However, in ®ve new born Msx1 2/2 /Bmp4-Tg mice examined, none of them exhibited obviously further development of the teeth beyond the cap stage (data not shown). We conclude that mesenchymally expressed Bmp4 is required for the progress of molar epithelium development in vivo from the bud stage to the cap stage and is required for enamel knot formation.
Msx1-Bmp4 transgenic allele rescues the neonatal lethality and the alveolar process formation in Msx1 mutants
Interestingly, although no teeth developed in the Msx1 2/2 / Bmp4-Tg mice, the alveolar processes, which are absent in the Msx1mutants (Satokata and Maas, 1994) , formed (Fig.  5B) . Alveolar process is present in all Msx1 2/2 /Bmp4-Tg mice that survived neonatal lethality (see below). In this study, the Msx1 mutant allele, which was originally generated in 129/Sv strain (Satokata and Maas, 1994) , was outcrossed to CD-1 mice. To rule out the possibility of a strain effect, we examined alveolar process in the Msx1 mutant newborn mice in CD-1 background by skeletal staining. As shown in Fig. 5C , similar to that observed in 129/Sv background (Satokata and Maas, 1994) , the alveolar ridge is absent in the mutant mandible. In contrast, the alveolar ridge is present in the Msx1 2/2 /Bmp4-Tg mandible, although it is not such prominent, as compared with that in wild type, due to a lack of teeth (Fig. 5C) . Sections of the mandibles 
from P1 Msx1
2/2 and Msx1 2/2 /Bmp4-Tg mice con®rmed these observations (Fig. 5E,F) . At postnatal day 8, the alveolar ridge becomes more prominent in the Msx1 2/2 /Bmp4-Tg mandible (Fig. 5D ). Ectopic Bmp4 can thus bypass the requirement for Msx1 to support alveolar process formation. The down-regulation of Bmp4 is the cause of an absence of alveolar processes in the Msx1 mutants.
Msx1 mutant mice exhibit severe abnormalities in the craniofacial region and die at birth probably due to a cleft secondary palate (Satokata and Maas, 1994; Houzelstein et al., 1997) . Since the Msx1 promoter used also drives transgene expression in other places in the craniofacial region, including palatal shelves, besides dental mesenchyme (Zhang et al., 2000a; and unpublished /Bmp4-Tg mice were identi®ed. Twenty-four of them (56%) died within 24 h, nine (21%) died after 48 h, and three (7%) dies after 1 week. Eight of them (19%) grew to mature. All Msx1 2/2 / Bmp4-Tg mice that survived neonatal death have closed secondary palatal shelf (data not shown, will be published elsewhere) and form alveolar processes but lack teeth completely (Fig. 5B) . They have been maintained by feeding with powder food. These mice could mate, give a birth with regular litter size and nurse pups normally. These observations suggest that Bmp4 may also represent a downstream gene of Msx1 in other places during craniofacial development. Failure of tooth development is not a cause of cleft palate formation in the Msx1 mutant mice.
2.5. Overexpression of Bmp4 in the dental mesenchyme represses the expression of Shh and Bmp2 in the enamel knot but does not affect tooth patterning
The enamel knot expresses several signaling molecules, including Shh, Fgf4, Bmp2, Bmp4 and Bmp7. These signaling molecules are thought to control tooth patterning (cusp shape) by regulating programmed cell death within the enamel knot itself and cell proliferation in the adjacent dental epithelium (Thesleff and Pispa, 1998) . We have previously shown that overexpression of Bmp4 to the dental mesenchyme represses Shh and Bmp2 expression in the dental epithelium at the early bud stage (Zhang et al., 2000a) . Since the Bmp4 transgene continues to be expressed in the dental mesenchyme at the E14.5 cap stage when the enamel knot forms (Fig. 1) , we asked if overexpression of Bmp4 at this stage can also affect the expression of these signaling molecules in the enamel knot and eventually the tooth patterning. We examined the expression of these molecules in the enamel knot of the Msx1-Bmp4 transgenic mice at E14.5. Our results demonstrated a down-regulation of Shh and Bmp2 expression in the transgenic enamel knot (Fig. 6) . In nine samples for Shh expression and eight for Bmp2 expression, all of them exhibited a barely or undetectable expression of these two genes. In contrast, the expression of Fgf4 and Bmp7 remained unaltered in the 
E). (C,F) Expression of Shh (C)
and Fgf4 (F) was detected in the enamel knot (arrows) of molar tooth from E14.5 Msx1 mutant carrying Bmp4 transgene. The dental epithelial structure is outlined by the white dash line.
transgenic enamel knot, as compared with that in the wild type controls (Fig. 6) .
We next examined whether or not cell apoptosis in the enamel knot and cell proliferation in the enamel epithelium would be affected in the Msx1-Bmp4 transgenic tooth germ due to a down-regulation of Shh and Bmp2. TUNEL assay and BrdU labeling were performed on the E14.5 and E15.5 molar tooth germs from both wild type and the transgenic mice. The results demonstrated an unaltered apoptosis and cell proliferation in the transgenic molar tooth germ, as compared with wild type controls (Fig. 7) . Lastly the molar teeth from the adult transgenic mice were examined for tooth patterning. As shown in Fig. 7E ,F, the shape of molar teeth from the transgenic mice is exactly same as that of wild type control. The formation of tooth cusps and the ®nal tooth patterning are thus not affected by a downregulation of Shh and Bmp2 in the enamel knot. These results suggest that the expression Shh and Bmp2 in the enamel knot may not be critical for the formation of tooth cusps. 
Discussion
BMP4 signaling pathway represents a component of tooth developmental program controlled by Msx1
The coincidence of Bmp4 expression pattern with the shift of the odontogenic potential between the tissue layers during early tooth development suggests a function of BMP4 as an inductive signal of the odontogenic potential (Vainio et al., 1993; Chen and Mass, 1998) . It was shown previously that the transfer of Bmp4 expression from the dental epithelium to the mesenchyme is mediated through Msx1 (Chen et al., 1996) . The mesenchymally expressed Bmp4 may function as a feedback signal acting upon the dental epithelium for further tooth development (Chen et al., 1996; Chen and Mass, 1998) . Therefore, the down-regulation of Bmp4 in the dental mesenchyme of Msx1 and Pax9 de®cient mice would be responsible for the arrest of tooth development at the bud stage in both mutants (Chen et al., 1996; Peters et al., 1998) . Indeed, the previous studies have demonstrated that mesenchymal BMP4 is required for the maintenance of gene expression in the dental epithelium, and is involved in the induction of the enamel knot formation (Jernvall et al., 1998; Zhang et al., 2000a) . Our present data provide in vivo evidence that mesenchymal BMP4 is required for the progress of molar tooth development from the bud stage to the cap stage and the formation of an enamel knot. These results are in agreement with the previous in vitro observations (Chen et al., 1996; Jernvall et al., 1998) . Furthermore, our results also indicate that the down-regulation of mesenchymal BMP4 in the Msx1 mutant molar tooth germ account for the down-regulation of Lef1 and Dlx2 in vivo. These data further support the previous conclusions that induction of these genes by BMP4 does not require Msx1 (Chen et al., 1996; Bei and Maas, 1998) . However, ectopically expressed BMP4 can not restore the expression of Fgf3 and syndecan-1. This is not a surprise to us because BMP4 is unable to induce either syndecan-1 or Fgf3 expression in dental mesenchyme (Chen et al., 1996; Bei and Maas, 1998) . Fgf3 expression is probably induced by epithelially derived FGF8 and this induction requires Msx1 (Bei and Maas, 1998) . Down-regulation of Fgf3 may be responsible for the down-regulation of syndecan-1 in the Msx1 mutant, since FGFs induce syndecan-1 expression in dental mesenchyme (Chen et al., 1996) . Therefore, the mesenchymal BMP4 mediated signaling pathway represents only part of the molar tooth developmental program controlled by Msx1. This could explain why only partial rescue of tooth phenotype is observed in the Msx1 2/2 / Bmp4-Tg mice. Apparently the other part of the Msx1 controlled tooth developmental program is not necessary for the progress of tooth development from the bud stage to the cap stage, but together with BMP4 mediated pathway, is required for further tooth development. It would be very interesting to examine if FGF3 mediated signaling pathway constitutes this part of the Msx1 controlled tooth developmental program. The fact that ectopically expressed Bmp4 was unable to partially enhance incisor development in the Msx1 mutants suggests that mesenchymal BMP4 may function differently in the formation of incisor.
Ectopic expression of Bmp4 rescues neonatal lethality and alveolar process formation of the Msx1 mutants
Msx1 homozygous mutant mice die at the birth with severe craniofacial abnormalities, including cleft secondary palate and an absence of the alveolar process (Satokata and Maas, 1994; Houzelstein et al., 1997) . We found that ectopic expression of the Bmp4 transgene driven by the mouse Msx1 promoter in the Msx1 mutant mice could rescue the neonatal death of the mutants. The Msx1 promoter drives transgene expression in various places of the craniofacial region besides teeth, including nasal pits, periocular mesenchyme and palatal mesenchyme (Zhang et al., 2000a; unpublished observation) . It is possible that similar to the tooth germ, Bmp4 also functions downstream of Msx1 in these craniofacial regions. Ectopic expression of Bmp4 could bypass Msx1 function in the development of these craniofacial organs, particularly the palatal shelf which is closed in all the survived Msx1 mutants carrying Bmp4 transgene (Zhang and Chen, unpublished observations) .
The other organ that was rescued by ectopic Bmp4 in the Msx1 mutant is the alveolar process. The alveolar process is the bone in the maxillae and mandible that forms the sockets for the teeth. Alveolar bone derives from the dental follicle mesenchyme where Msx1 and Bmp4 co-express (Palmer and Lumsden, 1987) . It was suggested that the absence of alveolar process in the Msx1 mutant may be resulted from a failure of the dental mesenchyme to differentiate into alveolar bone osteoblasts due to absent Msx1 expression (Satokata and Maas, 1994) . BMPs were ®rst identi®ed on the basis of their ability to induce ectopic bone formation. After the bud stage, Bmp4 expression remains in the dental papilla through the cap and bell stages, although of a component of Bmp4 expression shifts to the enamel knot at the cap stage (Vainio et al., 1993) . Thus the failed differentiation of dental mesenchyme into alveolar bone appears to be due to a down-regulation of Bmp4 in the Msx1 mutants. This is supported by the fact that ectopic expression of Bmp4 to the dental mesenchyme rescues the alveolar process formation in the Msx1 mutant, and by the fact that ectopic Bmp4 expression is also detected in the differentiating alveolar bone. Nevertheless, ectopic Bmp4 is able to bypass Msx1 function to support alveolar bone formation.
Shh and Bmp2 expression in the enamel knot may not be critical for tooth patterning
We have previously shown that overexpression of Bmp4 represses Shh expression in the dental epithelium at the early bud stage as well as in the ZPA of developing limb bud (Zhang et al., 2000a) . We further show here that overexpression of Bmp4 in the molar mesenchyme also inhibits Shh expression in the enamel knot. Bmp2 is a known downstream gene of Shh in the developing limb and tooth germ (Laufer et al., 1994; Zhang et al., 2000a) . Inhibition of Shh function by an antibody against Shh repressed Bmp2 expression in the dental epithelium (Zhang et al., 2000a) . Therefore, the down-regulation of Bmp2 in the enamel knot could result from a repression of Shh, representing a secondary effect of overexpressed BMP4. Shh function in the enamel knot is currently unknown, although it was suggested that the dental mesenchyme be the target for the action of Shh (Thesleff and Pispa, 1998) . A potential Shh target gene in the mesenchyme could be Bmp4, because Shh can also regulate Bmp4 expression in other developing organs (Roberts et al., 1995) . It was suggested that tooth cusp formation be regulated by a balance between cell apoptosis in the enamel knot and cell proliferation in the dental epithelium (Thesleff and Pispa, 1998) . Expression of Bmp2, Bmp4 and Bmp7 in the enamel knot may act as autocrine signals within the enamel knot cells to regulate cell death, while the FGF4 and FGF9 may act as planar signals within the dental epithelium to stimulate cell proliferation (Jernvall et al., 1994; Vaahtokari et al., 1996a,b; Kettunen and Thesleff, 1998;  reviewed in Thesleff and Pispa, 1998) . Our results indicate that although potentially important, the expression of Shh and Bmp2 in the enamel knot may not be critical for tooth patterning. This is supported by the observations that cell apoptosis in the enamel knot and cell proliferation in the dental epithelium remain unaltered in the Msx1-Bmp4 transgenic mice. In addition, the ®nal pattern of the molar teeth is completely normal. BMP2, BMP4, and BMP7 have been shown to be potent apoptotic signals during the development of many vertebrate organs (Graham et al., 1994; Bellusci et al., 1996; Barlow and Francis-West, 1997; Marcias et al., 1997; Jernvall et al., 1998) . Since Bmp7 expression appeared unaffected in the enamel knot of the transgenic mice, it could have a functional redundancy with BMP2 and substitute for BMP2 function in the induction of cell death in the enamel knot. The unaffected expression of Fgf4 in the enamel knot of transgenic mice could account for the normal cell proliferation in the dental epithelium. Thus Shh and Bmp2 expression in the enamel knot of developing mouse teeth could be dispensable for the tooth patterning.
Experimental procedures
Embryo collection and genotyping of mutant and transgenic mice
Wild type mouse embryos used in this study were collected from CD-1 mice. The embryonic age was determined by the day when the vaginal plug was detected and designated as embryonic day 0.5 (E0.5). The Msx1 mutant mice (Satokata and Maas, 1994) were obtained from Dr Richard Maas of Harvard Medical School and were outbred to CD-1 mice. The generation of Msx1-Bmp4 transgenic mice has been described before (Zhang et al., 2000a) . The Msx1 mutant embryos were collected from mating of Msx1 heterozygotes and the genotype was determined by a PCRbased method as described before (Chen et al., 1996) . The genotype of Msx1-Bmp4 transgenic mice and embryos was also determined by a PCR based method as previously described (Zhang et al., 2000a) . To generate Msx1mutant embryos carrying two alleles of Msx1-Bmp4 transgene, Msx1-Bmp4 transgenic allele was introduced into Msx1 heterozygotes by crossing Msx1-Bmp4 transgenic mice to Msx1 heterozygotes. The transgenic allele was then doubled in the Msx1 heterozygotes by crossing them. All the Msx1 heterozygotes carrying two alleles of the Msx1-Bmp4 transgene were con®rmed prior to being used by crossing to wild type mice. Only the mice that produced all transgenic pups were selected.
In situ hybridization
Non-radioactive section in situ hybridization was performed as described previously (Zhang et al., 1999) . Embryos were ®xed in 4% paraformaldehyde/phosphate-buffered saline (PBS) overnight and dehydrated with gradual ethanol prior to embedding in paraf®n wax. Sections were made at 10-mm. All riboprobes used for in situ hybridization were generated by in vitro transcription labeling with digoxygenin-UTP according to the manufacturer's manual (Boehringer Mannheim). To examine the human Bmp4 transgene expression in the transgenic mice, a DNA fragment released from the transgene containing a 500-bp SV40 intronic and poly(A) sequences and 200-bp 3 H human Bmp4 cDNA was used to generate riboprobe. The signal was developed with BM purple AP substrate at 48C.
TUNEL assay and BrdU labeling
The TUNEL assay on tissue sections was carried out using an in situ cell death detection kit (Boehringer Mannheim) as described previously (Zhang et al., 2000b) . Brie¯y, tissues were ®xed with 4% PFA, embedded in wax and sectioned. Sections were then bleached in 3% H 2 O 2 for 5 min and treated with 0.7 mg/ml proteinase K for 10 min prior to being incubated with TUNEL reaction medium at 378C for 1 h. Color reaction was performed after the sections were incubated with converter-AP.
BrdU labeling of embryonic tissues was performed using a BrdU labeling and detection kit (Boehringer Mannheim) according to the manufacturer's instruction. Brie¯y, about 0.3 ml BrdU labeling reagent (1 ml/100 g body weight) was injected into timed pregnant mice intraperitoneally. Mice were sacri®ced 4 h after injection. Tissues were ®xed with Carnoy ®xative, embedded in wax and sectioned at 10 mm. Immunochemical reaction was carried out by incubating the sections with the primary and secondary antibodies, respectively, at 378C for 30 min. Color reaction was developed at room temperature.
Skeleton staining and histologic analysis
Skeleton staining was carried out as described previously (Zhang et al., 2000b) . Brie¯y, mice were sacri®ced, eviscerated, and skinned. Skeletons were stained with Alcian blue for non-mineralized cartilage and Alizarin red for bone. Standard histologic methods were used for all tissue sections and histologic staining. Bone staining on sections was carried out using Mallory stain method that stains bone and cartilage blue (Presnell and Schreibman, 1997) .
